Closely ordered stages of myelin formation in cultures of newborn rat and mouse cerebellum, selected by direct light microscopy, were studied with the electron microscope. Electron micrographs of these cultures reveal the presence of neurons, axons, neuroglia, microglia, and ependymal cells. The appearance of the neuron is identical to that previously described in vivo. The neuroglial cell has long, branching processes, and its cytoplasm is characterized by packets of long, narrow fibrils. During myelin formation, a glial cell process surrounds the axon. This process may form an internal mesaxon and may spiral for several turns around the axon. Other glial cell processes may interdigitate with or overlay the innermost process to contribute to the multilamellated structure. The glial processes flatten and the cytoplasmic surfaces of the cell membrane come into contact to form the lamellae of the myelin sheath. These adhesions may be temporarily incomplete as evidenced by sequestered islands of glial cytoplasm among the myelin lamellae. Ultimately, a compact, apparently spiral, myelin sheath is formed. These findings are discussed in relation to in vivo central myelin formation.
INTRODUCTION
Through the use of the Maximow slide technique, Bornstein and Murray (1) extended Hild's (2) original description of myelin formation in cultures of mammalian central nervous tissue. Serial high power light microscopic examinations of the developing fragments permitted significant observations concerning the nature of the cellular elements, the patterns of maturation, and the processes of myelin formation, maintenance, and degeneration.
Cultured fragments of newborn rat (1) and mouse cerebellum (23) appeared suitable for a correlative study with the electron microscope. Moreover, they possessed some advantageous characteristics: e.g., the ease of selecting tissues at determined stages of development; certainty, by direct observation, of the state of the tissue immediately prior to fixation, thus facilitating comparisons between the living image and that seen after fixation and sectioning; and, finally, immediate, facile fixation of the living tissue.
The observations reported here demonstrate the faithful reproduction in vitro of the various cellular elements and the myelin sheath. In cultures, as in vivo, the neuroglial cell membrane forms the lamella of myelin. The multilamellated myelin sheath is produced by the spiraling of a single neuroglial process, as well as by interdigitations of several glial processes.
MATERIAL AND METHODS
The material was obtained from cultures of newborn rat and mouse cerebellum (1, 24) . The cultures ranged in age from 7 to 71 days in vitro (DIV). A total of 200 cultures were studied.
The coverslip, with its culture fragment, was immersed either in 1 per cent osmium tetroxide ad-justed to pH 7.4 to 7.6 with Veronal acetate buffer for 45 minutes (3) or in 5 per cent aqueous potassium permanganate for 3 minutes (5). After the osmium tetroxide fixation, the tissue was rinsed briefly in saline, dehydrated in a graded series of alcohols, removed from the coverslip, and infiltrated for 3 hours in three changes of a mixture of n-butyl and methyl methacrylate (3:1). The methacrylate mixture used for embedding contained 2 per cent Luperco CDB as a catalyst, was degassed by evacuating with a pump, and was kept under nitrogen for 2 hours prior to use. This is a modification of a technique originally proposed by Moore and Grimley (4). Polymerization was allowed to proceed in an oven at 60°C.
The material fixed in potassium permanganate was washed in 60 per cent alcohol, freed from the coverslip, and dehydrated in a graded series of alcohols and propylene oxide. The fragment was infiltrated in a mixture of Shell Epon 812 (2 ee), dodecenylsuccinic anhydride (1.59 cc), and Nadic Methyl Anhydride (0.88 co) and embedded in the same mixture to which had been added 1.5 per cent DMP-30 (6) . Hardening of the embedment was carried out in an oven at 37°C for 24 hours, followed by 60°C exposure for an additional 24 hours.
Several cultures fixed either in osmium tetroxide or permanganate were dehydrated in a graded series of acetones, freed from the eoverslip, and infiltrated and embedded in a mixture of Ciba Araldite 502 (100 gm) and Ciba Lancast A (35 gm). Hardening of the embedment was carried out in an oven at 80°C.
Sectioning was done with a Porter-Blum microtome using either glass or diamond knives. The methaerylate sections were mounted on formvarcoated grids while the Epon and Araldite sections were mounted on bare grids. Micrographs were made on a RCA electron microscope, model EMU-3D, at magnifications of 2000 to ]8,000 diameters. Greater magnifications were obtained by photographic enlargement.
OBSERVATIONS

General Organization
The cultures contain neurons, neuroglia, microglia, and ependymal cells. The neurons and surrounding glia are confined to the explant region while the outgrowth zone is populated almost exclusively by glial elements. The axons tend to grow toward the collagen substrate and most of the myelinated axons are found on or near the collagen.
Details of the growth and early organization as observed by light microscopy have been presented previously (1) . In the main, these observations have been confirmed with the electron microscope. At 7 DIV, the cultures exhibit much disorganization. It is impossible to identify neurons at this stage and many degenerating cells are still seen. By l0 to 14 DIV the picture changes markedly and it is possible to identify the various cell types and to distinguish neural and neuroglial processes. Myelin formation generally begins at this stage.
Neurons
By l0 to 14 DIV, neurons can be easily distinguished from the other cell types. The most prominent feature of the neuron is its nucleus, which occupies a considerable portion of the cell. The nucleus, as well as the entire cell, is flattened in the horizontal plane of the culture (Fig. 1) . The nucleus is lightly granular and deeply indented. One or two dense nucleofi can usually be seen. The cytoplasm of the neuron contains many small (300 to 500 m#) mitochondria with a dense matrix and sparse, randomly oriented cristae. Scattered extensively throughout the cytoplasm are groups of flattened cisternae of endoplasmic reticulum. Associated with the cisternal membranes are groups of small (10 to 20 m#) dense granules identical in appearance to those previously described as ribonucleoprotein (RNP) (7, 8) . Small groups of these granules, not associated with membranes, are found scattered throughout the cytoplasm. Small Golgi complexes are also found in the perinuclear region. These generally take the form of a large vacuole surrounded by an array of many small vesicles Delicate neurofibrillae and long, slender mitochondria are contained within the axons. The myelin sheaths are covered with many glial cell processes. Also, in this field, there is an unmyelinated axon (UA), covered, in part, by glial cell processes (GP). 35 DIV. Osmium tetroxide fixation, methacrylate embedded. X 20,000. (Fig. 2) . These neurons are similar to those which have been described in vivo.
Glial Cells
In all cultures studied from 7 to 71 DIV, the glial cells appear as variations of one specific type. This cell can be recognized by its dense granular nucleus (Figs. 1, 3 ) which presents a relatively smooth outline without the convolutions characteristic of the neuronal nucleus. A nucleolus is occasionally observed. The mitochondria are large (500 to 700 m#). The endoplasmic reticulum is sparse and appears as scattered cisternae with associated R N P granules. R N P granules not associated with membranes are only infrequently observed. A small Golgi complex is occasionally noted. The several processes of the glial cell have a cytoplasmic configuration similar to that of the juxtanuclear region.
An outstanding feature of many glial cells is the presence of packets of long, slender (8 to 12 m~ in diameter) fibrils in the cytoplasm of both the cell body and its processes (Figs. 3, 4) . These groups of fibrils range in diameter from 0.25 to 0.8 ~ and are interspersed at r a n d o m among the other cytoplasmic constituents. T h e groups of fibrils are so frequently observed that it would seem that most glial cells possess them to a variable degree.
The cultures also contain ependymal cells and dense, debris-filled cells which are presumed to be microglia. T h e latter are especially numerous in 
Axons and Myelin Formation
In areas of myelin formation, there are no extraordinary cytoplasmic configurations seen in either the axons or the glial cell processes. Both mitochondria and vesicles may be present, but not in unusual numbers nor in a location necessarily related to the myelination of an axon.
It is generally difficult to distinguish unmyelinated axons from the slender glial cell processes. However, the axons usually contain small, dense mitochondria and slender (4 to 5 m#) neural filaments. The glial cell processes, on the other hand, harbor longer and less dense mitochondria and packets of coarser glial fibrils (Figs. 2, 3) .
In the earliest stages of myelin formation, a single glial process may be seen to surround an axon (Fig. 5) . The glial process may spiral for several turns around the axon (Fig. 6) . Later, the glial process flattens out and the cytoplasmic surfaces of a portion of the cell membrane come into contact to form part of a myelin lamella (Figs. 7, 8, 9 ). At this stage, the adhesion may be incomplete, leaving entrapped islands of glial cytoplasm within the layers of myelin (Figs. 7, 8 ). Since no sequestered bits of glial cytoplasm are observed between the lameUae in fully formed myelin sheaths, this entrapped cytoplasm is ultimately eliminated in some manner and complete adhesion of the membranes occurs. In all the stages studied, however, the innermost glial cytoplasm remains, separating the axon from the first myelin lamella.
The early stages of myelin formation may appear complex and involve more than a simple spiraling of a single neuroglial process. Other glial processes may interdigitate with or surround the innermost layers. The elimination of glial cytoplasm and consequent formation of a portion of a lamella of myelin may occur in a glial process peripheral to unadhered processes (Fig. 7) . Ultimately, the characteristic multilamellated myelin sheath is present (Figs. 10, 11) .
Typical nodes of Ranvier are occasionally observed by light microscopic observation of the cultured material. However, myelin sheaths may course for relatively long distances (about 2 mm) without any nodal interruptions. Although no complete nodes have been observed with the electron microscope, the sequential peeling off of lamellae is seen where sheaths terminate. The unmyelinated portions of the axon were followed in serial section for distances up to 5 microns without the reappearance of myelin.
D I S C U S S I O N
The mechanism of myelination in the central nervous system is not yet completely understood. Differing means of production of either a particular lamella of myelin or of the ultimate multilamellated structure have been proposed by observers of material obtained from various animals.
Luse (9) has become surrounded by a loop of a glial cell process (GP). On the left side of the figure are two other axons with their developing myelin sheaths. 14 DIV. Permanganate fixation, epon embedded. X 42,000.
FIGURE 6
An axon (A) which has become surrounded by several glial processes. The innermost process (1) makes two complete turns around the axon. Three other processes (2, 3 4) come to surround this innermost one. The cytoplasmic surfaces of process number 4 have begun to adhere (arrow) to form a portion of a myelin lamella. To the left lies a portion of an axon (A1) with its developing myelin sheath. 14 DIV. Permanganate fixation, epon embedded. X 50,000.
FIGUR~ 7
This figure shows an axon (A) whose innermost glial process ends (arrow) after making one turn. Around this process there is found another process which has formed three to four lamellae of myelin. 14 DIV. Permanganate fixation, epon embedded. X 40,000.
24
THE JOURNAL OF CELL BIOLOGY -VOLUME 14, 196~ and fusion of vesicles. More recently published observations on the optic nerves of anurans (15) and the optic nerves and spinal cord of anurans and rats (16, 20) support the concept of participation of the glial cell membrane. In addition, these last investigators, together with Uzman (21), conclude that the multilamellated myelin sheath about a segment of central axon is produced by a single glial cell process in a manner similar to that produced by the Schwann cell about a peripheral axon (11, 12) . Luse (9), however, observed multiple glial cell processes laminating to form the many layered structure of central myelin. Rosenbluth (24) has recently described the formation of the perikaryal myelin sheath in the acoustic ganglion from overlapping processes of several Schwann cells. Previous studies of living or of fixed and stained cultures of peripheral (13) and central (1, 2, 23) nervous tissues have revealed in vitro patterns of maturation, myelin formation, birefringence in polarized light and staining characteristics essentially similar to those described as occurring in vivo.
Although it may be advisable to maintain some reserve in equating in vitro to in vivo events pending further exploration of both areas, the potential value of tissue culture for outlining basic mechanisms should not be neglected. The previously noted faithful reproduction of in vivo phenomena, the advantage of direct observation and selection of closely ordered stages of myelin formation, the tendency toward spatial simplification of complex glial-neural relationships, and the ease and speed of thorough fixation, all suggest that the electron microscopic analysis of cultures might contribute to the clarification of the problems of central myelination.
In many respects, the fine structural details observed in cultured rat cerebellum faithfully correspond to those seen in non-cultured tissues obtained directly from animals (8, 9) , viz. the general configurations of the various cellular elements and their contained organelles, the spatial relationships between cell membranes and of myelin lamellae, and, finally, the characteristic multilamellated structure of the formed myelin sheath.
From the present study, it is evident that the formation of any particular portion of a lamella of myelin involves the adhesion of glial cell membranes along their cytoplasmic surfaces and the eventual elimination of entrapped glial cytoplasm. In this regard, myelin formation occurring in vitro resembles that occurring in vivo around peripheral (1 I, 12) and central (9, 15, 16, 19, 20) axons. The absence of any observable direct participation or unusual concentration of intracytoplasmic vesicles or of the formation of intracytoplasmic membranes would deny the hypothesis proposed by De Robertis, Gerschenfeld, and Wald (10).
The present selection of closely ordered stages of myelin formation may help to resolve the apparently differing concepts concerning the construction of the ultimate multilamellation of CNS myelin. These data reveal that the innermost lamella is formed by a single neuroglial cell process with the characteristic internal mesaxon. The innermost process may then spiral to form additional lamellae. This initial activity, however, does not preclude the participation of more than
FIGURE 8
An axon demonstrating four to six myelin lamellae, The innermost glial loop is unadhered and the mesaxon can be seen (M). As the glial cell cytoplasm is traced around the axon the first glial cell membrane adhesion can be seen in the second loop (F1). An entrapped island of glial cytoplasm can be seen at GC. Another site of flattening and adhesion of membranes can he seen at FZ Unfortunately, the myelin lamellae are not all cut at right angles, hence the spiral nature of the sheath cannot be demonstrated. 13 DIg. Osmium tetroxide fixation, methacrylate embedded. X 85,100.
FIGURE 9
A portion of a myelin sheath of a longitudinally sectioned axon (A) showing the myelin lamellae and the adhesion of the cytoplasmic surfaces (arrow) of a portion of the membrane of a glial cell process (GP). 16 DIV. Osmium tetroxide fixation, Araldite embedded. X 24,500. one cell process in forming additional lamellae. Adhesion of cell membranes may be progressing at both inner and outer sites. Eventually, circumferential uniformity of compact myelin is obtained.
The rarity of nodes of Ranvier in both light and electron microscopic observations of cultured cerebellar axons recalls Luse's observations (9) . It is improbable that nodes are present but are too small to be resolved or recognized by light microscopy since Pease (22) determined their dimensions to be between 1.5 and 2.0 microns in the rat medulla. Moreover, they are abundantly present and easily recognized in cultures of chick embryo (13) and newborn rat spinal ganglion and rat and mouse spinal cord (14) . With respect to the electron microscopy, the internodal distance might be so great that the inherent sampling problem could contribute to their being overlooked. However, in view of the large numbers of cultures surveyed over a period of several years by both techniques, this explanation appears unlikely.
Many problems remain to be investigated in the analysis of myelin formation. If the myelin 10. DEROBERTIS, E., GERSCHENFELD, H. M., and WALD, F., Cellular mechanism of myelination in the central nervous system, J. Biophysic. and Biochem. Cytol., 1958, 4, 651.
FIGURE 10
Three axons (A1, A2, A3) whose myelin sheaths are contiguous. Note the single mesaxons (M1, M2). 15 DIV. Permanganate fixation, epon embedded. )< 70,000.
FXGURE 11
A higher magnification of the field outlined on the preceding figure showing the contiguity of two adjacent myelin sheaths and the lack of interruption of the radially repeat period at the point of abutment. 15 DIV. Permanganate fixation, cpon embedded. N 132,000.
